Abstract. The aim of the present study was to explore the effects of gambogenic acid (GNA) on the malignant behaviors of choroidal melanoma cells, including cell viability, cell cycle, migration and invasion, and to elucidate the underlying regulatory mechanism. The human choroidal melanoma cell line OCM-1 was treated with different concentrations of GNA and cell viability, colony formation ability, cell cycle, migration and invasion were analyzed. Additionally, cells were incubated with or without LY294002, a specific inhibitor of the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway, for 24 h. Levels of cell cycle-associated proteins (cyclin D1, cyclin E, cyclin-dependent kinase 2 and P21), epithelial-mesenchymal transition (EMT)-associated molecules (epithelial-cadherin, α-smooth muscle actin and vimentin) and phosphorylated (p)-AKT/AKT were determined using reverse transcription-quantitative polymerase chain reaction and western blot analysis. The results demonstrated that GNA significantly inhibited cell viability and induced cell cycle arrest at the G0/G1 phase in a dose-dependent manner (P<0.01). Furthermore, GNA administration significantly suppressed cell migration and invasion in a dose-dependent manner (P<0.01). Treatment with GNA or LY294002 induced a marked decrease in the expression of p-AKT/AKT, a significant downregulation in cell cycle-associated molecules (P<0.01), and a significant decrease in cell viability (P<0.01). Co-treatment with LY294002 and GNA had an additive effect on the growth of OCM-1 cells. In conclusion, the results of the present study suggest that treatment with GNA may inhibit cell viability and induce G0/G1 arrest. Furthermore, GNA may also inhibit cell metastasis via regulating EMT-associated molecules. The PI3K/Akt signaling pathway may be a key mechanism involved in the progression of choroidal melanoma, and GNA may serve as a potential therapeutic reagent for the treatment of this disease.
Introduction
Choroidal melanoma is a serious primary intraocular malignant tumor that occurs in adults (1) . The incidence of malignant melanoma has been demonstrated to be increasing worldwide (2) . Choroidal melanoma is fatal in ~50% of patients due to its latency and metastatic potential, and the principal target organ for metastasis is the liver (3, 4) . Early detection and therapy is important for improving the prognosis of patients (5); however, the underlying molecular mechanisms of disease development remain to be elucidated.
Gambogenic acid (GNA; C 38 H 46 O 9 ; molecular weight, 646.32 kDa) has recently been recognized as a type of antitumor drug (6) . GNA is a polyprenylated xanthone, which is isolated from the gum resin gamboge and has a structure similar to gambogic acid (GA) (7) . It has been reported to have an inhibitory effect on many types of cancer cells via inhibition of proliferation, metastasis, and apoptosis induction, which suggests that it may be a potential pharmacological agent in cancer therapy (8) . Previous studies have demonstrated that GNA has lower toxicity and a wider spectrum of potent antitumor activity than GA (9, 10) . Additionally, GNA is able to inhibit cell proliferation in human hepatoma HepG2 cells via inducing cell apoptosis, and may be a possible pharmacological treatment strategy in HepG2 cells (6) . GNA is able to induce G1 cell arrest in lung cancer cells via glycogen synthase kinase 3β-dependent cyclin D1 degradation and may have therapeutic potential in the treatment of lung cancer (11) . GNA has also been demonstrated to serve a role in the apoptosis of U251 glioblastoma cells through inactivation of the protein kinase B (Akt) pathway (12) . It has recently been demonstrated that GNA is associated with the induction of apoptosis in the B16 melanoma cell line (13) . Despite these findings the regulatory mechanism by which GNA exerts its antitumor effects on choroidal melanoma progression has not yet been fully elucidated.
The present study aimed to explore the effects of GNA on the malignant behaviors of choroidal melanoma cells including cell growth, cell cycle, cell migration and invasion, and its regulatory mechanism. The findings of the present study may serve as a theoretical basis for the development of an effective therapy for the treatment of choroidal melanoma.
Materials and methods
Cell culture. The human choroidal melanoma cell line OCM-1 was purchased from the American Type Cell Culture Collection (Manassas, VA, USA) and cultured at 37˚C for 24 h in RPMI-1640 medium (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 100 µg/ml streptomycin, 100 U/ml penicillin, and 10% fetal bovine serum (FBS; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) at 37˚C in a humidified atmosphere containing 5% CO 2 .
Cell viability assay. Cell viability was assessed via MTT assay performed as previously described with some modifications (14) . Briefly, 1x10 4 OCM-1 cells were seeded in triplicate into 96-well plates. Cells were incubated at 37˚C for 24 h in RPMI-1640 medium supplemented with different concentrations of GNA (0, 0.75, 1.5, 3, 4.5, and 6 µM; Sigma-Aldrich; Merck Millipore). A total of 50 µl MTT solution (Roche Applied Science, Penzberg, Germany) was added 24, 48 or 72 h post-treatment and cells were incubated at 37˚C for a further 4 h. A total of 150 µl dimethylsulfoxide was subsequently added to solubilize the formazan crystals. The optical density (OD) of each well was determined using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The cell viability ratio was calculated according to following formula: Cell viability rate (%) = OD of the experimental samples / OD of the control x100.
Colony formation assay. OCM-1 cells (2x10 3 ) were trypsinized and seeded in triplicate into six-well plates. Cells were cultured at 37˚C for 72 h in RPMI-1640 medium containing GNA of different concentrations (0, 0.75, 1.5, 3, 4.5, and 6 µM), which was replenished every two days. The resulting colonies were stained with 0.05% crystal violet and the number of colonies was counted using a microscope (Olympus Corporation, Tokyo, Japan).
Wound healing assay. A wound-healing assay was used to detect cell migration. Briefly, cells were treated with different concentrations of GNA (0, 0.75, 1.5, 3 µM) and seeded in triplicate in six-well plates at 37˚C for 24 h. When cells reached 90% confluence, a scrape wound was scratched on the cell layer using a sterile pipette tip. Cell migration ability was assessed by calculating the percentage of wound closure. The speed of wound closure was defined as the distance between wound edges from 0 to 72 h. Each experiment was conducted in triplicate.
Transwell invasion assay. The Transwell was coated with 0.1% gelatin (Sigma-Aldrich; Merck Millipore) for 30 min at 37˚C. Following three rounds of washing with PBS (pH 7.4), 100 µl OCM-1 cells (4x10 4 cells/well) was seeded into the top chambers of the Transwell, whereas the bottom chambers were filled with RPMI-1640 medium with 20% FBS. The top and bottom chambers contained the same series of concentrations of GNA (0, 0.75, 1.5, 3 µM). OCM-1 cells were incubated for 24 h at 37˚C and cells on the bottom side of the membrane, which were considered to be invading cells, were subsequently fixed with 4% paraformaldehyde at 37˚C for 20 min. Cells were washed with PBS three times and stained with 0.05% crystal violet for 10 min. Fields were selected at random, observed using an inverted light microscope (Olympus Corporation) and quantified by manual counting.
Cell cycle assay. OCM-1 cells (1x10 5 ) were seeded in six-well plates and treated with different concentrations of GNA (0, 0.75, 1.5, and 3 µM). Briefly, cells were harvested at 24 and 48 h post-treatment with GNA. Thereafter, the cells were washed with PBS, fixed with 70% ethanol at -20˚C for 24 h and centrifuged at 300 x g for 5 min. Then the cells were washed with PBS/1% bovine serum albumin (Sigma-Aldrich; Merck Millipore) and stained with 30 µg/ml propidium iodide containing 0.25 mg/ml RNase A for 30 min in the dark. The cell cycle assay was performed using the Propidium Iodide Nucleic Acid Stain kit (P3566; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in accordance with the manufacturer's protocol. Cell cycle distribution was analyzed using the FACSCalibur using Cell FIT software (Easy curve Fit 2.0) (both from BD Biosciences, San Jose, CA, USA). 5 ) were grown in six-well plates, which were incubated with GNA (0, 0.75, 1.5, 3 µM) with or without LY294002 (15 mΜ; Sigma-Aldrich; Merck Millipore) for 24 h. LY294002, a specific inhibitor of the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway, is able to significantly repress Akt phosphorylation (15) . Total RNA was isolated from cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and treated with DNase I. Purified RNA at density of 0.5 µg/µl with nuclease-free water was used for cDNA synthesis with the PrimeScript First Strand cDNA Synthesis kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturers protocol. Relative mRNA expression levels of cell cycle-associated proteins [cyclin D1, cyclin E, cyclin-dependent kinase (CDK) 2 and P21] and epithelial-mesenchymal transition (EMT)-associated molecules [epithelial (E)-cadherin, α-smooth muscle actin (SMA) and vimentin] were then determined via RT-qPCR assays using a SYBR-Green qPCR master mix kit (Toyobo Co., Ltd., Osaka, Japan) according to the manufacturer's protocol. The total reaction system of 20 µl volume was as follows: 1 µl cDNA, 10 µl SYBR Premix Ex Taq, 1 µl each of the primers (10 µM), and 7 µl ddH 2 O. The primer sequences used for RT-qPCR amplification are presented in Table I . The amplification conditions were as follows: Denaturation at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec, annealing at 60˚C for 30 sec, in which fluorescence signal was collected, and extension at 72˚C for 30 sec. The expression of GAPDH mRNA was used as internal control. Relative expression values from three independent experiments were analyzed by an ABI PRISM 7300 and calculated using the 2 -ΔΔCq method (16) .
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). OCM-1 cells (1x10
Western blot analysis. Cells treated with different concentrations of GNA (0, 0.75, 1.5, 3 µM) with or without LY294002 (15 µM) were lysed in ice-cold radioimmunoprecipitation assay buffer (Sigma-Aldrich; Merck Millipore) and the lysate was collected by centrifugation at 4,000 x g at 4˚C for 5 min. Protein concentration was determined using the bicinchoninic acid method. A total of 30 µg lysate was separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (GE Healthcare Life Sciences). Membranes were subsequently blocked with 5% skimmed milk for 1 h at room temperature and probed with primary antibodies for PI3K (ab86714; 1:100), Akt (ab8805; 1:100), cyclin D1 (ab134175; 1:100), cyclin E (ab3927; 1:100), CDK2 (ab321147; 1:100) and P21 (ab109520; 1:100; all Sigma-Aldrich; Merck Millipore) at 4˚C overnight. Membranes were washed with Tris-buffered saline containing 0.1% Tween-20 and subsequently incubated at room temperature with anti-horseradish peroxidase-conjugated secondary antibodies against EPR3312 (ab197034; 1:1,000; Sigma-Aldrich; Merck Millipore) for 1 h. Protein blots were washed and visualized using an enhanced chemiluminescence detection (ECL) kit (Merck Millipore).
Statistical analysis.
All values are expressed as the mean ± standard deviation calculated from three independent experiments. Student's t-test or one-way analysis of variance was performed using SPSS v17.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. 
Results

GNA inhibits the viability of OCM-1 cells in a dose
GNA induces G0/G1 arrest in a dose-dependent manner.
Flow cytometry was used to investigate the effects of GNA on cell cycle ( Fig. 2A ). The results demonstrate that GNA gradually increased the proportion of OCM-1 cells in the G0/G1 phase in a dose-dependent manner. GNA concentration increased in a dose-dependent manner up to 1.5 µM (P<0.05) and increased further to 3.0 µM (P<0.01; Fig. 2B ). Additionally, following GNA treatment, the cell cycle-associated molecules were found to have markedly decreased protein expressions (Fig. 2C ) and the mRNA levels of these molecules significantly decreased in a dose-dependent manner compared with the control (Fig. 2D; P<0 .01).
GNA may inhibit cell growth via inhibition of the PI3K/AKT pathway.
To further explore the underlying mechanism for GNA-induced cell growth inhibition, LY294002, a specific inhibitor of the PI3K/Akt signaling pathway was used to treat cells. The results demonstrated that treatment with GNA or LY294002 resulted in a marked decrease in the protein expression of p-AKT/AKT (Fig. 3A) . Furthermore, the combination of GNA and LY294002 treatment resulted in a marked decrease in p-AKT/AKT expression compared with the cells treated with GNA or LY294002 alone. Additionally, similar results were obtained regarding the expression of cell cycle-associated molecules cyclin D1, cyclin E, CDK2 and P21 (P<0.01; Fig. 3B ), and cell viability (P<0.01; Fig. 3C ).
GNA reduces the migration and invasion of OCM-1 cells.
A wound healing assay was used to investigate cell migration following treatment with different concentrations of GNA, and the results demonstrated that treatment with GNA significantly reduced the migration ability of OCM-1 cells at all concentrations (P<0.05; Fig. 4A ). Furthermore, the invasive ability of cells was assessed using Transwell assay, and the results revealed that the number of invasive cells was significantly reduced with GNA treatment (P<0.05; Fig. 4B ). In order to further verify the association between GNA and the PI3K/AKT pathway, the expression of PI3K/AKT pathway-related protein was detected using western blot analysis. Cells were divided into four groups: Control, GNA (3 µM), LY294002 (15 µM) and GNA (3 µM) + LY294002 (15 µM). The protein and mRNA expressions of the EMT-associated proteins E-cadherin, α-SMA and vimentin were examined via RT-qPCR and western blotting, respectively. A significant dose-dependent increase in the mRNA levels of E-cadherin was observed with GNA treatment compared with the control group (P<0.01; Fig. 5A ), whereas the levels of α-SMA and vimentin mRNA significantly decreased with GNA treatment in a dose-dependent manner (P<0.01; Fig. 5B and C) . Similarly, western blot analysis demonstrated that levels of E-cadherin protein were markedly increased with increasing dosages of GNA, whereas protein levels of α-SMA and vimentin levels were markedly downregulated in a dose-dependent manner (Fig. 5D ). 
Discussion
Choroidal melanoma is a serious metastatic malignant melanoma with poor prognosis (1). In recent years, increasing numbers of studies have been conducted to identify effective chemotherapy regimens with fewer side effects (2, 4) . In the present study, the effects of GNA on the malignant behaviors of choroidal melanoma cells and the possible underlying mechanisms were investigated. It was demonstrated that GNA was able to inhibit cell viability and induce cell cycle arrest at the G0/G1 phase in a dose-dependent manner via repressing the expression of cyclin D1, cyclin E, CDK2 and P21. Furthermore, GNA treatment suppressed cell migration and invasion in a dose-dependent manner. The results of the present study suggest that combined treatment with LY294002, which is a specific inhibitor of the PI3K/AKT pathway, and GNA exerts an additive effect on the growth of OCM-1 cells, which implies that the PI3K/AKT pathway may be an essential mechanism associated with GNA-induced growth inhibition.
GNA has previously been demonstrated to inhibit the proliferation of A549 cells via inducing cell cycle arrest (10).
GNA is also able to inhibit cell proliferation, induce cell cycle arrest at G1 phase and suppress colony-forming activity of lung cancer cells (11) . Consistent with these previous findings, the present study also demonstrated that GNA was able to inhibit OCM-1 cell growth and induce cell cycle arrest at the G0/G1 phase via repressing the expression of cyclin D1, cyclin E, CDK2 and P21. To further explore the possible mechanisms associated with GNA-induced growth inhibition and cell cycle arrest, the PI3K/AKT pathway specific inhibitor LY294002 was employed. The PI3K/AKT signaling pathway is crucial to the control of cell growth and survival (17) . It has previously been demonstrated that the PI3K pathway is constitutively active in melanoma via increased expression of AKT and active AKT in the PI3K/ATK signaling pathway is able to increase cell proliferation and survival (18, 19) . Additionally, the PI3K/AKT pathway is also associated with cell cycle progression (20) . AKT is able to induce pancreatic β-cell proliferation via regulating cell cycle components, such as cyclin D1, p21 and CDK4 (21) . Furthermore, the PI3K/AKT pathway has previously been reported to serve an important role in melanoma initiation and therapeutic resistance (22) . The results of the present study demonstrated that treatment with either GNA or LY294002 resulted in a marked decrease in p-AKT/AKT expression, whereas the combination of GNA and LY294002 was able to effectively inhibit the expression of p-AKT/AKT. Similar results were observed in the MTT assay, with the combined treatment resulting in a greater inhibition of the cell viability. It may therefore be suggested that treatment with GNA may inhibit cell growth and induce G0/G1 arrest in choroidal melanoma via involvement of the PI3K/AKT pathway, and that co-treatment with GNA and LY294002 may be an efficient therapeutic approach for the treatment of choroidal melanoma.
The metastatic activity of cancer cells is an important aspect of cancer progression. In the present study, it was demonstrated that the administration of GNA at different concentrations was able to reduce the migration and invasive ability of OCM-1 cells, which indicates that GNA may have an inhibitory role in tumor metastasis. Furthermore, the expressions of EMT-associated proteins (E-cadherin, α-SMA and vimentin) were examined. Studies revealed that EMT is a major contributor to the biological process of metastasis in a variety of cancers (23, 24) , including malignant melanoma (25) . The upregulation of the EMT regulatory factor snail family transcriptional repressor 2, which is a transcriptional repressor of E-cadherin, functions as a precursor to the metastasis and invasion of melanoma (26) , suggesting that decreased expression of E-cadherin may promote cell metastasis and invasion in malignant melanoma. Canel et al (27) demonstrated that the loss of E-cadherin function was correlated with tumor invasion and metastasis. Furthermore, it has previously been demonstrated that vimentin is overexpressed in malignant melanoma and its overexpression is correlated with accelerated tumor invasion and poor prognosis, suggesting that it may be a potential target for cancer therapy (28) . Li et al (29) also demonstrated that vimentin may function as an indicator for melanoma hematogenous metastasis and poor prognosis. In the present study, the expression of E-cadherin markedly increased with the increase of the dose of GNA, whereas the expression levels of α-SMA and vimentin decreased in a dose-dependent manner. These results are in accordance with previous studies and suggest that GNA exerts an inhibitory effect on the metastasis of choroidal melanoma.
In conclusion, the findings of the present study indicate that GNA may inhibit cell growth and induce G0/G1 arrest. Furthermore, GNA may inhibit cell metastasis via regulating EMT-associated molecules. The PI3K/Akt signaling pathway may be a key mechanism involved in the development and progression of choroidal melanoma. GNA may serve as a potential therapeutic reagent for the treatment of this disease.
